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INTENSE PULSED ION BEAMS: THEIR GENERATION AND APPLICATIONS

INTRODUCTION

Out of the pulsed power technology of relativistic electron beams

have sprung a few very successful techniques for producing ultra-high

power beams of low atomic mass ions. These beams, which typically

last for less than a tenth of a microsecond, contain enough energy

to melt holes in millimeter thick aluminum plates and have sufficient

current to produce hundreds of kilogauss magnetic fields. With the

state-of-the-art power levels now approaching a Terawatt (10 2w) and

with peak currents exceeding 0.5 Mega-Amperes, it appears that only a

modest extension of the present technology is needed to test the

feasibility of several exciting applications of these beams.

The development of ion sources has been partially stimulated by

their potential applications to controlled thermonuclear fusion programs.

Currently, there are several fusion schemes that are based on the

availability of ultra-high power ion beams. These alternate concepts

may prove to be simpler and more economical for commercial power generation

than mainline fusion approches, such as magnetic confinement fusion (MCF)

with Tokamak devices and laser-driven inertial confinement fusion (ICF).

Prominent among the alternate concepts are MCF with mirror machines

having a magnetic-field-reversed configuration produced by a rotating

ion ring, and light-ion-driven ICF. As a result of rapid advances in

the ion beam technology, preliminary tests of these alternate concepts

are already underway. If successful, these tests may lead, sometime

durinq the next decade to conclusive proof-of-principle demonstrations

of these schemes, i.e., the net production of energy via fusion reactions.

Manuscript submitted July 7, 1980



In addition to their potential applications in the fusion program,

intense ion beams have several other applications. Among these potential

ue. are: (i) the excitation of powerful gas lasers for communications,

photochemical processes and research, (ii) the development of intense

neutron sources for testing; and (iii) the breeding of fissile materials.

Pulsed-power technology developed rapidly in the 1960's largely

to satisfy the need for intense flash-X-ray generators. By the early

1970's the technology had reached the point where high power (-24-100 GW),

short-pulse (25-100 ns) generators were available at several laboratories

and universities. Researchers began coupling these generators to field

enission vacuum diodes to produce high current (-100 kA), high voltage

I MV) intense, relativistic electron beams (IREB). About 8 years ago,

scientists began to realize that these generators could also be used to

produce intense pulsed ion beams. Since that time, the development of

ion sources has been extremely rapid. Now proton beams with currents

in excess of 500 kA and current densities of 100 kA/cm 2 have been produced

,it voltages of 1-2 MV with pulse durations of 20-100 nsec.

Both the new sources for intense, pulsed beams and conventional

ion acc(--lerators utilize an electric field to accelerate the ions.

However conventional accelerators produce continuous or long pulse beams

as opposed to the submicrosecond pulses of the intense beams. As a result,

conventional systems employ high voltage power supplies such as Van de Graaf,

Cockcroft-Walton, and multistage tandem generators. Typical accelerating

voltages are 1-10 MV, and beam currents kl mA and power ;l kW are produced.

Intense beam ,ources, on the other hand, are commonly powered by

pulse-forming transmission lines charged by Marx generators. The short
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ion pulses commonly have a 25-100 ns duration, energies of 0.1-2 MV and

currents of 1 kA - 0.7 MA. Even with modest size pulse generators, ion

beam power levels well above I GW are routinely produced.

In contrast, comparable power conventional particle accelerators (rf

linacs, synchrotrons, and storage rings) operate in a higher energy regime

(100 MeV - 100 GeV) than intense pulsed ion beam sources. State-of-the-art

conventional accelerators have produced proton currents of 20-50 A at GeV

(storage rings) and -1 A at100 MeV (rf linacs). Recently, induction

linacs have been proposed to generate heavy ion beams with lOkA current,

10-20 GeV energy and IOns duration for inertial confinement fusion. However,

existing induction linacs have only been used to accelerate electrons.

The development of intense, pulsed-ion-beam sources has proceeded

along two different paths. The first approach is based on collective

acceleration. In this approach, use is made of the negative space charge

associated with an unneutralized IREB to accelerate ions. If the

electron density of the beam is large enough, a sizable electrostatic

potential well is formed. Positive ions with kinetic energy less than

the well depth are trapped in the well, and if the well is accelerated,

so are the trapped ions. The ions in such a device can attain much higher

energies than the electron energy attained in the diode. Protons have

been accelerated to energies 10-20 times higher than the electrons and

accelerating electric fields of 1-10 MV/cm have been realized. However,

the ion current in collective accelerators is generally much smaller than

that of ion diodes because of the difficulties in loading the ions into

the well and keeping them trapped during the acceleration of the well.

The goal in current research is to extend the length over which the larqe
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accelerating field acts from the few cm in present devices to a few meters.

Several schemes are being actively pursued. These include (i) electron ring

accelerators (University of Maryland, Max Planck Institute in Garching, W.

Germany, and the Joint Institute for Nuclear Research, Dubna, USSR); (ii) wave

accelerators using cyclotron or plasma waves on an IREB (Austin Research Asso-

ciates, Naval Research Laboratory, Cornell University, and Los Alamos Scientific

Laboratory); (iii) controlled potential wells associated with the front of a

propagating IREB (Sandia Laboratories, University of California at Irvine,

Lebedev Physical Institute, Naval Research Laboratory and North Carolina State

University; and (iv) vacuum (Luce) diodes (Lawrence Livermore Laboratory, Air

Force Weapons Laboratory, and University of Maryland). For additional infor-

mation on collective ion acceleration, the reader is referred to the book by

C.L. Olson and U. Schumacher. This article deals with the second, more success-

ful approach to generating intense, pulsed ion beams that is based on the

acceleration of ions within vacuum diode-like sources.

The ions originate in a plasma which is produced on the surface of the

,inode and are accelerated by the applied potential toward a real or a

virtual cathode (i.e., a virtual surface at cathode potential). The ions

form a beam and their kinetic energy is equal to ZeV, where Ze is the ion

telcctrical charge and V is the applied potential. Normally, in such

dcvices, most of the current is carried by the electrons because they

are considerably lighter than the ions. Therefore, efficient generation

of ion beams requires suppression of electron current. The details

of th,. various methods for producing the anode plasma, extracting the ions,

and 'uppress' inq the electron current (so that most of the energy is carried

by tht, ions) are described below. Although many of the recently

d clopd ion sources have more than two electrodes, e.g., triodes,
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tetrodes, etc., the devices are generically referred to as ion diodes.

EFFICIENT ION SOURCES

In a typical field-emission IREB vacuum diode (Fig. 1) the cathode

K is connected to the negative output terminal of a pulse generator

(Marx and pulse forming transmission line). The anod A is usually .paced

approximately a centimeter away from the cathode. When the generator is

pulsed, a strong electric field (105 - 106 V/cm) develops between A and K.

This results in the field emission of electrons from microprojections

(called whiskers) on the cathode surface which have very large electric

field enhancements. For several nanoseconds these whiskers carry current,

are heated ohmically (12 R), and eventually explode. Many such explosions

result in covering the cathode surface with a plasma. Electron emission

then occurs over the entire cathode surface. The electrons accelerate

along electric field lines toward the anode, pass through it and form a

drifting electron beam. The presence of electron space charge between

A and K modifies the applied potential and the total electric field can

be reduced to zero at the cathode. In this case the space charge limits

the electron flow across the gap. This is called Child-Langmuir flow after

the I-D model which predicts that the current I is proportional to V3/2 /d2

where V is the applied potential and d is the A-K gap. In a similar

fashion, ions extracted from the plasma on the anode surface flow into

the gap. The ion space charge also modifies the electric field, and

so both the electron and ion currents are space charge limited. This

is called bipolar space charge limited flow. A one dimensional theoretical

model predicts that the current of non-relativistic electrons and ions

is given by

= 0.093 (e) V3 / 2 /d 2  (e.s.u.) (I)e m
e
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- 4.32 x 10-6 V3 /2 /d2  amps/cm 2  (V in volts, d in cm)

and

i./I I im /M.) (2)I e e i

where m and M. are the electron and ion masses respectively.ei

Since the electric field is approximately zero at the electrodes,

Gauss' law requires that the net electrical charge within the diode

be equal to zero, i.e., Qe = Qi. Because the average current of each

species is the charge divided by the ro fije time i within the device,

the ratio of ion current I. to electron current I is (Lee and Goldstein)
e

ia iTe e
T -  .- -,7 - . (3)

e I e i

In Eq. (3) e(i) is approximately equal to the characteristic path e(i)

divided by the average velocity v .(. For a planar diode, = d

and v./v = n /M.}. Substitution into Eq. (3) yields Eq. (2). For protons,I e e I

Eq. (2) predicts that the ratio of proton to electron current (/I )

is only 2.3,. Clearly something must be done to increase the I./I ratioI e2

if the ion production is to be efficient. According to Eq. (3) this can

be accomplished by increasing the electron residence time inside the

device. So far, this has been achieved by three different methods:

reflexing, pinching, and magnetic insulation. In each of these three

techniques, the electrons are made to travel a longer distance. Because

the electrons are relativistic for most of their path length, their average

velocity is a large fraction of the speed of light. Thus each of the

techniques results in an increase in Ie. However, in the case of magnetic

insulation, the electron conduction current can be almost totally suppressed.
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Electron reflexing devices

The first successful intense ion beam source using electron reflexing

was the reflex triode shown in Fig. 2. This device usually consists of

a cathode, an anode made of a thin plastic sheet which is semi-transparent

to relativistic electrons, and a virtual cathode. When a positive potential

pulse is applied to the anode, electrons are emitted from the cathode and

are accelerated toward and pass through the anode. The space charge of

the electrons that have passed through the anode modifies the applied

electric field so that along a virtual surface the potential is reduced

to zero. The locus of points where this occurs is called the virtual

cathode. The electrons stop when they reach the virtual cathode and are

accelerated back toward the anode. Since the electrons lose energy and

scatter when they pass through the plastic anode, they cannot return to

the cathode. Instead, they oscillate in the potential valley bounded by

the cathode and the virtual cathode. With each pass through the anode,

the reflection point gets closer to the anode and eventually, the electrons

are absorbed in the anode.

several nanoseconds after the electron reflexing begins, plasmas t-or-n

on the surface of the anode. These plasmas are thought to result primarily

from flashover discharges on the anode surfaces. Ions extracted from these

plasmas are accelerated toward both the cathode and the virtual cathode.

ThC ions .ihich pass through the virtual cathode fori a drift in io:

beam. The positive potential of the propagating ion beam drags electrons

from the virtual cathode. Thus, the ion beam with its comoving electrons

is nearly charge and current neutral.

The reflex triode was first demonstrated in 1974 by Humphries and

co-workers at Cornell University using an anode consisting of an array of
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polymer or polymer-coated filaments. Improvements in anode design soon

followed in experiments by Kapetanakos and Golden at NRL and by Prono and

co-workers at Physics International Co. Then, in 1976, the modest power

levels of these early proton beams were increased to the 0.25 TW power level

(0.25 MA peak, 1.0 MV) by Kapetanakos and Golden at NRL using a coaxially

configured, low inductance reflex triode. Low inductance is required if

the source is to be used as a load for an ultra-high power, low impedance

pulse generator.

For most of these experiments, the ratio of the extracted proton

current I to the total current I i.e., the proton generation effici,ncyp total '

- was less than 30:,. This limited efficiency was primarily due to the

fact that only those ions flowing toward the virtual cathode were extracted

and used while the ions flowing toward the cathode were lost. If N is

the number of times a typical electron passes through the anode and m
p

i> the proton mass, Eq. (3) gives that
-1

S+ m /in(P~ ~~2 + I' 4

total 2N + 1

In the limit of large N,t approaches one-half. It is for large applied

potential or very thin anodes that N is large. However, other factors

can limit N. Fringing applied and self electric fields, and self-magnetic

fields produced by the current flowing between A and K can make the electron

trajectories multidimensional. The electrons then approach the anode

obIi quely and scatter more quickly than at normal incidence.

Another consideration is the matching of a reflex triode to the pulse

penerator. If N is large then a great accumulation of electron space

charqe piles up about the anode. This causes most of the potential drop



in the A-K yap to be in a region close to the anode (see Fig. 3a). The

large ion current emitted from the anode neutralizes the electron chargu

so that even iore electron current can be emitted. The result is a boot-

strapping effect which produces a dramatic increase in the current. However,

as the impedance drops, the load cannot remain matched to the pulse generator.

As the mismatch worsens, the load voltage drops. This eventually liiiits

N and I . This mode of operation was first reported by Prono and co-workurs

at LLL and has been observed by researchers in other laboratories. It is

typical of the one-dimensional electron flow which can occur in small A-K

gaps and with large applied axial magnetic fields.

To improve upon the low efficiency of the reflex triode, a device

called the reflex tetrode (see Fig. 3b) was invented by the authors. In

the tetrode, two anodes are used. This first anode A is situate4I between

anode A2 and the cathode K. The material for A1 is chosen so that plasma

formation on the surface facing the cathode is inhibited. For example,

a 6 om thick Mylar film with a few hundred Angstroms thick aluniinu:. layer

is a poor source of plasma. Thus, there is a limi ted number of ions which

can flow in the A -K gap. The second anode A2 is made of a thin polymrc

sheet (e.g., 12.5;'m thick polyethylene).which is a good plasma source.

Ions flow toward the virtual cathode and the first anode A 1 However,

the ions traveling away from the virtual cathode, arrive at A I with zero

axial speed and cannot pass through A into the A I-K gap. As a result,

the reflex tetrode has an approximately unidirectional flow and avoids

many of the impedance matching difficulting of the reflex triode.

Furthermore, the reflex tetrode has nearly twice the efficiency of the

reflex triode. At both NRL and Tor'isk, efficiencies as high as 55,. have

been achieved.
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The impedance of the reflex tetrode is sensitive to the applied magnetic

field. In addition, the quality of the ion beam is influenced by the

non-uniform electric field that exists in the anode-virtual cathode gap.

The non-uniformity in the field is due to the fact that the virtual cathode

is not co-planar with the anode. In order to avoid these difficulties,

another reflexing device, the inverse reflex tetrode (IRT) was developed

(see Fig. 3c). This ion source consists of a grounded cathode screen

and positively biased anode metal cylinder AC that is terminated at one end

by a plate G. An anode foil A, usually a thin polyethylene sheet, is

attached to the other end of the AC. An externally applied magnetic

field may be used to radially confine the electron flow in the device.

When a positive pulse is applied to the anode, electrons are emitted

from the stainless steel mesh cathode K, pass through the anode foil

and form a virtual cathode VC between A and G. Some of the electrons are

transmitted from VC to G and the rest reflex through the anode foil until

they are absorbed by it or are lost to the walls of the AC. Protons

are extracted out of the plasmas which form from the anode foil, probably

as a result of surface flashover. These protons travel toward VC and K.

When inductive effects are neglected, the potential at G is the same

as that of the anode and the ion current strik:ng G is zero. Most of the

ions emitted toward K, however, pass through the coarse screen and enter

the drift region. In addition, the IRT exhibits the attractive feature of
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operating with a nearly constant impedance during an appreciable portion

of the voltage pulse. Although the ion generation efficiency of an IRT is

lower than that of a reflex tetrode, the number and average current of

protons is about 1.5 times larger, because the IRT can be better matched

to the generator. Pulses of 1-1.5 MeV protons having a peak current of

A10.5 MA, and containing 6-7 x 1016 protons have been produced, recently,

by an IRT powered by the Gamble II Generator at NRL. The power level of

such a proton beam exceeds 0.5 TW.

Pinched electron beam diode ion sources

Another method for enhancing the ratio of ion to electron current is

to increase the electron residence time by pinching the electron flow.

Here pinching means that the electrons emitted at large radii on the

cathode move radially inward while crossing the anode-cathode gap so that

the electron flow at the anode is highly concentrated near the axis of

the device. Furthermore, pinching can be combined with reflexing to

achieve ion beams with even higher efficiency and intensity.

According to the one-dimensional, bipolar space-charge-limited flow

d2
(Child-Langmuir) model, the diode impedance varies as d where d is the

anode-cathode (A-K) spacing (see Fig. 4). However as the impedance iK reduced

and the current I is increased, the azimuthal self-magnetic field B becomes

larger. This self-field acts on the electron motion so that the electron

trajectories become curved rapidly inward toward the axis of the device.

At a criti ;al value of the current, the electron velocity turns through

900 and no longer has any axial velocity component. This critical current

I is giv(n by

1 Z 8500 (Amperes), (5)
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where R is the cathode radius and y is the relativistic energy parameter

equal to the ratio of the relativistic electron mass over its rest mass.

The ratio, R/d is called the aspect ratio.

This departure from the Child-Langmuir model was observed over a decade

ago and was labelled parapotential flow, i.e., flow along potential surfaces

rather than along electric field lines. Then, in 1972-3 experiments with

high aspect ratio diodes (at NRL, Physics International Co., and Sandia

Laboratories) were conducted that demonstrated the dramatic collapse 'f

the electron flow. The phenomenon became known as the super-pinch and current

and power densities exceeding 105 A/cm 2 and 10]0 W/cm 2 at the anode were

achieved. Often, a deep crater was blasted in the center of a "witness' target.

The role of ions in the formation of the super-pinch was not initially

appreciated. However it has been shown in a model of high aspect ratio

diodes (Goldstein, Davidson, Siambis, and Lee) that without ions in the

A-K gap, only weak pinching occurs. The electrons emitted at the cathode

radius R arrive at the anode at a radius of approximately R/ . Experiments

at NRL and Sandia have shown that the rate of collapse of the electron flow

towards the axis depends on the rate of anode plasma production. It

is from this plasma that ions are extracted and accelerated towards the

cathode. Computer simulations at NRL and Sandia Labs have shown that the

ions act to neutralize the negative space charge of electrons in particular

near the anode and the vicinity of the axis. This permits a larger current

and therefore a stronger magnetic field in the device. More importantly,

it allows the electrons to move in a nearly radial direction in the vicinity

of the anode. Consequently, the ratio of ion to electron current I./II e

for bipolar planar flow is enhanced by the ratio R/d when strong pinching

12
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F occurs, and Eqs. (3) predicts:

I.I i R (6)
T-

e

where is the ratio of the ion velocity at the cathode to the speed of light.

Since the electrons are relativistic, is approximately the ratio of the ion

and electron velocities. For a large aspect ratio and high voltage V, this

ratio is near unity. For example, with R/d--30 and r-1/20 (corresponding to

V-1.2 MV) Eq. (6) predicts I./I ' 0.75.I e

By using an annular cathode or a thin polymer foil cathode, the ions

flowing across the A-K gap can be extracted through the cathode as a beam.

Pinched electron diodes have been successfully used to generate ion beams by

researchers at NRL (Stephanakis, et al.), Sandia (Johnson et al.). Cornell

(Hammer et al.), and Physics International Co. (Genaurio, et al.).

Experiments have shown that by using a thin anode foil, some reflexing

will take place along with the pinching. This combined action further in-

creases the electron residence time. In recent experiments performed by a

collaboration of researchers at Physics International Co. and NRL, beams of

protons or deuterons have been produced having a current of one MA and an energy

of two MeV corresponding to an ion beam power of two Terawatts. Furthermore, be-

cause of the intense flow of electrons near the axis, these diodes appear to be

well suited to the production of high current density, solid beams. Using a hemi-

spherically shaped anode and cathode, Stephanakis, and co-workers at NRL have pro-

duced ballistically focused proton beams with a peak current density exceeding

100 kA/cm 2 .

Magnetically Insulated Diode Ion Source

The third type of ion source, the magnetically insulated diode MID, employs

a magnetic field parallel to the electrode faces to prevent electrons from

crossing the anode-cathode gap. If the electron current is almost completely
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suppressed, then it is possible to obtain a very high ion production effi-

ciency. The minimum magnetic field required for turninq an electron around

before it reaches the anode is given by

= C°--) {y
2

-I V/d (7)

where d is the electrode spacing, e and m are the charge and mass of an elec-

tron, and c is the speed of light. As an example, if V = I MV and d = I cm,

then B* = 5 kG. Since the ions to be accelerated across the gap are much more

massive than the electrons, their gyro-radius in the applied field is much

larger and they cross the diode while under(going only slight deflection.

Ion generation by magnetically insulated diodes was first proposed by

Winterberg and later by Rostoker and then by Sudan and Lovelace. The devices

were developed at Cornell University by Humphries and coworkers and have been

operated at high power levels at Sandia Laboratories where Johnson and co-

workers have produced ion beams of 100 kA/cm 2 at 2 MV with 80z efficiency.

A planar magnetically insulated diode is illustrated in Fig. 5. Ion' are

extraced from the diode through the cathode, which may be a wire mesh or a

metal plate with openings to let the ions pass through. Great care must be

taken in constructing a MID to keep the magnetic field lines parallel to the

electrode surfaces. If a field line intersects both the anode and the

electron sheath, then electrons can stream along that field line, thereby

shorting the diode.

Besides their inherently high efficiency, another attractive feature

of magnetically insulated diodes is that the anode is reusable, at least

when it is coupled to a moderately powered generator. The anode typically

contains dielectric inserts which form plasma by surface breakdown when

the diode voltage is applied. During the pulse, relatively little energy

14



is deposited in the dielectric, so it suffers relatively minor damage.

There can, however, be substantial damage after the main pulse when the

cathode plasma diffuses across the magnetic field and strikes the anode.

For very large applied magnetic fields (B .- B '-), the electrons are0

confined very close to the cathode and the extracted ion current is limited

to the Child-Lanoinuir value. However, if B is only slightly larger than

B.', the electron charge is enhanced because the electrons move closer

to the anode. Consequently, the ion c.urr-ent is enhanced. This

behavior has been predicted theoretically (Bergjeron; Antonsen and Ott)

and observed experimentally. Ion current densities 5-10 times above Child-

Langmuir have been obtained. MID's are attractive for long pulse

operation because the applied magnetic field also acts to impede

plasma motion across the gap. In the microsecond long pulse experii'ients

of Luckhardt and Fleischman at Cornell, these enhanced ion current densitie

? 3 2
have resulted in the production of 4.5 x 10 protons/cm . Table 1

(live- the State-of-the-Art of pulsed ion sources.

For ,everal applications (e.g., inertial confinement fusion), it is

nucessary to foc.us the ion beam to a diameter of- I cm. Spherical

magnetically insulated diodes have been used to provide ,uch focusing.

In a sphe rical diode, ion,, cmitted from, the anode converole at the center

of the diode, resulting in a large gain in current density. In experiments

at Cornell and Sandia, gains in ion current density of "20 have been achieved.

However, for an inertial confinement fusion reactor, ions must not only

be focused to a small diameter,
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but they must also be transported over a distance of several meters to the

fusion pellet. Otherwise, the blast from the fusion reaction will de,,troy

the diode.

DIAGNOSTICS FOR INTENSE ION BEAMS

It bccai, evident even during the initial development of intense

ion beam sources, that many diagnostic techniques which hot been succussfully

used to probe electron beams are not applicable to intense ion beams.

The main reason is that intense ion beams are at least partially space-

char( e and current neutralized by co-moving electrons. Thes,. trait-,

preclude several electrical measurements,such as charge collection arld

cur-rent or self-magnetic field measurements.

Many of the techniques presently available to measure the properties

of these beams (see Table 2) have been adapted mainly from nuclear

phys ics.

One of these methods, which has been applied successfully to intense

ion heams is nuclear activation analysis. For more deta Is see the review

pop r by F. C . Younq, J . Go I den and C .A Kape tannakos , Rev. Sci. 1 11,tI um.

4-d, 432 (i43 2) . Pres,,jnt ly, this is the most unambimuous imeans for the

deterinat ion of the nufmiber, identity, and spatial di st r ibut ion of I iqht

Nuit le.r ict I vat ion aralysi s is based on the masurement of the nuuinher

uf radio-act ive nucleui inducec1 in a target by the i on beaI. In the casec

(of pro ton , and deuterons, react ions occur in the elet-I ents 1 0 B, 12 C, and 14 N

which lead to radioac.ti e nuclei that have half-lives of a few m'linute,

and that decay by emitting a positrons (se Table

By count ing the coincident ) rays resu It iq froro the subseq Uni t

,nn ihi Iat ion of the pos i rurs,, and correct inq for th e decay durirnq the
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time between activation and counting, the number of radio-activv nuclei

induced in the target can be determined. For many reactions, the thick

target yield, i.e., the number of reactions produced per incident ion

striking a thick target is known. The number of incident ions is equal

to the number of radioactive nuclei produced divided by the thick target

yield.

A similar approach is to monitor the neutrons produced by (p,n)

or (d,n) reactions induced by the ions in suitable targets. A list of

some of the more useful nei tron-producing reactions is also included

in Table 3. This technique has the important advantage that some of

the neutron-producing reactions have moderate yields at energies which

are below the resonances or thresholds of the residual-radio-activity-

producing reactions. The main disadvantages with this technique is

the sensitive dependence of the (p,n) and (d,n) reaction cross section

on the energy of ions.

An alternative technique is to monitor the prompt radiation, i.e.,

rays or neutrons, produced by the ion induced nkic lear reactions.

[he proipt Y-rays can be detected by fast rcsponse stintil iators att ached

to fast recovery, high-saturation-current photomultipliers. High yit.ld

reactions that have proved to be useful are the 9F( p, y)16 0 and the

7Li (p, ) B ( ) reactions. It is important that an appropri ate react ion

is selected with yield that does not vary much over the enertjy range of

the ion beam. In this case, the prompt I-ray signal is proportional to

the ion current. When the absolute calibrat ion of the detector is not

avail.,,Ile, the prompt Y-ray si Inal can be normali t'd to the numbel of

ions in the pulse me.asured via another technique, e.. , act ivat ion

analysis of residual radioactivity in) a target. Prompt 1-r y BI~asuwients
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also require that care be taken to avoid interference by x-rays which

,11 t'rr ,j rr ly produced by high energy electrons at the ion source. Spatial

,It tem por-al separation of the prompt * -ray and x-ray pulses is usually required

A useftul tool for measuring the time of flight and the shape of the

iio pulse is a detector consisting of a thin scintillator coupled optically

t,, a fast photodiode by a long acrylic light-pipe encased in a stainless

stcc l tube.. A vapor deposited layer of aluminum 0.2 - I.5i,m thick shields

the det.ctJr- trom extraneous light. For current densities greater than

i hirodrItd A/cm2 screens must be used to attenuate the beam and thus

.iW'elt dttruction of the aluminum and scintillator.

Kt Retntlv, another method has been demonstrated which gives information

aboaut the spatial distribution and number of protons in the pulse. This

d iaqrrustic suggested by Bleach and Nage l at NRL, and adapted to intense ion

,rt,, hy I . Burns and co-workers at Sandia and F. C. Younij at NRL, consiSts of

;onitorinq the soft x-rays emitted when a proton beam strikes a metallic

tarqtt. The line radiation of a few kilovolts energy is produced from

thI, citation of inner ,hells (K,L,M) of a suitable target as for example

ilu iMinu. Thi, radiation can 'e detected with x-ray diodes (XRD) or by

-r oy pinhoIeu photography. By calibrating the XRD or the pinhole-camera

fit syste', and from the known cross-section for exci tat ion of the

x-ray lines, the dose of i )ns on the target can be determined.

Presntly ,any of tue diagnostic methods available for intense

i()n btams suffer from st rious I imi tat ions,. For example, with nuclear

,aLit v tion analysis, a major problem is 'blow-(o ' (fIt the tait. The

bi ,l, in he ,o intense that the surface of the tar(et bearinq ttie

Iditi t ivit i nduced by the beam can be heated to melting or even ablated

, hat the. ridioactive nuclei are lost prior to detect ion. Al though

p rI ir -ray detect ion may avoid the problem of blow-off, it is usual ly
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complicated by the interference of x-rays and the lack of knowledge of

the ion energy distribution.

For intense fluxes of ions with energi s below the thresholds or

resonances for the reactions amenable to nuclear activation analysis or

prompt radiation detection, a reliable diagnostic method is not available.

Nuclear activation techniques based on resonant reactions cannot be used

for light ions with energies below 230 keV per AMU. Etched tracks in

films or emulsions have been used with ion beams at many laboratories,

but this method is strictly limited to low fluxes.

Biased ion collectors (BIC) have often been used to measure the

current of low energy ion beams. These charge collectors usually

consist of a cup connected in series with a low-Ohmic resistive element

enclosed in a shielded container. For an electron beam, the current incident

on the collector can be determined by measuring the voltage developed across

the resistive element. Secondary electron currents are conveniently

suppressed by the negative space charge that is developed by the primary

electrons in front of the collecting surface. However, for an ion beam,

the electrons co-moving with the ions neutralize the beam current. Biasing

the collector negatively retards the electrons, but the bias potential

also accelerates the secondary electrons produced by the ions on the

surface of the collector. Because the secondary emission coefficient

of ions in the energy range 0.1-1 MeV is typically greater than unity

specially for oblique incidence), the contribution of the secondary

electron current to the measured current can be quite large. Thc~e

difficulties can be partially avoided by using collector,, with small

apertures and a magnetic field parallel to the collectinr surface to

reduce the secondary electr on flow.
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SOME SELECTED APPLICATIONS OF INTENSE ION BEAMS

In the following sections, we review the corcepts and the present

status of some promising applications of intense ion beams. The recent

impressive advances in the generation of ion beams suggest that in the near

future ion beams will be available at power levels required for the

thermonuclear fusion oriented applications of such beams. At the present

power level, ion beams have been used at NRL to form transient field-reversed

ion layers and to excite high power gas lasers. In addition, MeV energy

2
ion beams have been focused to current densities in excess of 100 KA/cm2 .

(a) P-beam Excitation of Lasers

The envisioned uses of gas lasers include drivers for inertial

confinement fusion, isotope separation, and undersea communications

and sensinq. As described in a recent article reviewinn qas laser tech-

nology (J.G. Eden, et al., Spectrum, April '79), the gas lasers to he

used in these applications must have high power and efficiency. These

ruquirements also apply to the means of putting energy into the gas,

i.e. the excitation source, or more ,imply ''the pump".

Many lasers of current interest, e.g. the excimer lasers, use an

intense pulsed relativistic electron beam as the pump. Typically these

lasers rely un the ionization of a rare gas by the e-beam to ultimately

creatt, the upper state population of the laser. However, as pointed out

by A U. Ali at NRL (1977), the use of proton beams for laser excitation

,ippear, ittractive because the ionization per unit path length by protons

in rare 'ja's is greater than that produced by electrons of the same

,,rier(iy. However, the advantage of proton,, over electrons resulting from

Ow high cnerqy depos ition per unit volume Of protons , ust be balanced

ji n.,t the lower effic incy with which proton beansm can be produced
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and delivered to the gas.

In comparison with e-beam pumping, it is expected that p-beam pumped

lasers may operate at lower gas pressures at which absorption by the diluent

gat is reduced. Alternately, higher ionization dnsities may be achiL.wt'l

at a given pressure, and so more compact, new, or more efficiently pumped

lasers may be possible.

Experiments at NRL have been performed which demonstrated p-beam pumping

of N2 and XeF molecules. The apparatus for these experiments is shown sche-

matically in Fig. 6. The proton source was a reflex tetrode which produced

a 450 keV proton beam with current density of -l0A/cm 2 and 50 ns duration.

The beam was passed through a thin Mylar foil (3pM thick) into a gas mixture

of about I atm pressure. An optical cavity was formed by two spherical mirrors

external to the gas cell, and a magnetic field was used to improve the per-

formance of the reflex tetrode and to help transport the beam to the gas

cell.

The first demonstration of a p-beam excited laser was achieved in 1978,

when stimulated emission at 357.7 and 380.5 no was observed in a Ar/N 2 gas

mixture. In further experiments, p-beam pumping of the XeF laser, one of the

promising rare-gas-halide lasers, was studied. In this UV laser, the depend-

ence of output energy on the input energy and also on the transmission ot ttie

output mirror (i.e., the coupling) was measured. Many similarities with

t-beam pumping have been observed. However, unlike the e-beam pumped XeF

laser, helium could be successfully used as a diluent gas with p-bean pumpirq.

At I atm gas pressure (97v Ar/2.6" Xe/0.4.NF 3 ) the efficiency was found to be

•-2.7" when the output coupling was 6.'.

Although these preliminary results are promising], in order to

achieve higher power levels, a number of problems must be overcome.

As with e-beam pumping, there is a limit on how much ionization and
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,-,rwr ,y du ,,ition can be efficiently utilized. At very high pump

power5, plOces-ses, occur which can destroy the upper laser level populdtioi

bet-ause of the higher deposition for protons, these processes may restrict

the auxirnum useful p-beam current density.

Apart from the detailed kinetics, there are also technological problems

that include the loss of proton energy in the foil window, the support

of a thin foi I against a gas pressure of several atm, matching the p-beam

Thape with a practical laser shape, and finally, coping with the large

laser output power densities which are expected because of the compactness

(? p-hc-am pumped lasers. It appears that most of these difficulties can

be minir ized by utilizing protons with higher energy, i.e., in excess

of 1 MeV. The increase in proton range with higher energy permits the use

ot thicker foils with a lower energy loss in the foil.

Increased range also permits a larger laser aperture to be used.

For a iven laser output power, the power density can be reduced so that

dariaqe to the laser mirrors may be avoided.

(h) Inertial Confinement Fusion

Ithe product of density and plasma confinement time requi red for

a 10 keV plasma by the Lawson criterion for fusion breakeven can be

aJhieved by conf i ninq a low densi ty plasma for a long time (eg., dens ty

0n = I /0/cr , confinement time i I second), as in ,arti c fi aL ti'p

I u, i O devices ( i . e ., tokamaks and mi rror machi nes) or by confining a very

dense plasma faOr a very short time. The latter is the approach followed

by in.rt i l confinement fusion (ICF). In order to obtain the required

H a hllow pellet a few mi Ilimeters in diameter fi lied witha Pta, U I a

a1d t r iti, i rixture must be compressed to a density 1024 /cm 3  for less than
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a nanosecond (see Fig. 7). Th is means th<at tie qa, wi thin the

pei let Ins t be compressed by a factor of about 10 to a dens i t y '1ore

than 100 timcs solid densi ty. Compression car be achi evd by irradi at i nq

the outer layer of a pel let so that it txplrosivuly ablates. Thi , ablator

imparts inward momentum to an nner shell (sonr't irre, cal led a pu,,h:r)

which is driven iniard and compresses the UT fue.I. The in4ard inertia

of the interior shell or shells provides confinement and hence the namle

ICF. The means used for del ivering the momentum to the pel let is called

the driver.

Presently, lasers, electrons, light ions, and heavy ions art being

investigated as drivers. Lasers are the leading candidates because

extremely short pulses of high power laser radiation can be easily focused

onto the small pe lets using systems of m i rrors and lenses. Lasers, however

are more expensive and inefficient than partile bearis. They eurrently

cost about $500/Joule and at least 1 MJ is rtLuired for eneImy breakeven.

The two I eading ICF candidate lasers are neodyi iurm-glass lasers which

have efficiencies less than 1V- and carbon dioxide laseis which have

efficiencies less than about 10 . On the other hanu, heavy ion beams

accelerators may have very high eficiencies but they als are expect d

to have high capital costs. In contrast, 1i ht ion or electron beam r aerator',

can have an efficiency of 25-50,. and a moderate cost of SlO-Sl00/Joule.

There exist major technological problems which have to be ovurcomu

if particle beams are to be viable drivers for ICF. These problems include

14
the qeneration of particle beams at the power level of I0 Watts, trans-

porting such beams away from the source, focusing them onto the t riet

and operating pulsed power generators at high repetitiye rates ane h6glh

average power. To compress a p lect, it is nuree<, ,ary to deposit tht
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energy close to the surface of the pellet, e.g., in the ablator. If

too much energy is deposited deep inside the pellet, then the inwardly

moving material must push against the pressure exerted by the heated

inner region. This problem is called preheating.

Electron beam drivers are limited to energies below a few MeV in

order to avoid preheating. Even with the use of the self-magnetic field

of the beam to reduce the range of the electrons and stop them in a

thin outer layer of the pellet (an effect observed by researchers both

at I.V. Kurchatov Institute, USSR and at Sandia Laboratories), an electron

beaam of less than 3 MeV energy and power in excess of 100 TW is needed.

As a result, the beam producing pulse generator must have an impedance

Which is considerably less than one-tenth of an Ohm. Such a low impedance

poses some extraordinary technological difficulties for both the pulse

qjenerator and the transport of the beam from the source to the pellet.

Although substantial progress has been made in developing the

technological solutions to these problems, ion beam drivers appear to be

in attractive alternative. For charged particles of the same energy,

more massive particles have a shorter range. Therefore, ions with higher

energies can be used instead of electrons. Consequently, the pulse generator

used to produce the ion beam can have a higher impedance. For example,

models by Clauser at Sandia Laboratories predict that a net-energy-

breakeven demonstration of ICF could be performed with a 10 MeV, 10 MA

proton beam. Beams with such parameters could be obtained with a pulse

c]enerator having an impedance of about I Ohm.

Another reason for using an ion beam driver is that ion sources

can be made in which the ions carry most of the current in the device.

Pinch-reflex diodes studied by Cooperstein and co-workers at NRL produce
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ap~l TW proton beam with 1./I -0.6. It is expected that for this type
I tot al

of source, the ion generation efficiency will improve with an increase

in the power level. Also magnetically insulated diodes can have high

efficiencies. Johnson et al. at Sandia Laboratories has recently reported

a MID having -30,.

In order to compress a pellet to thermonuclear conditions, a 100 TW

beam must be del ivered to the pellet wi th a power densi ty of -30-100 TW/

2cm . A beam of 10 MeV ions must have a current density at the pcllet

of .3 MA/cm . To obtair this, the ion beam must be focused onto the

pellet. Several focusing methods have been proposed and are experimentally

investigated at NRL, Cornell University, and at Sandia Labs. These include

ballistic or geometric focusing using curved diode electrodes and self-

focusing using the azimuthal self fields.

Because of the azimuthal self-magnetic field produced by the electron

and ion currents in the diode and that produced by the propagating beam,

self-focusing can occur even when the beam is generated in a planar diode.

In addition, when curved electrodes are used, the electric field in the A-K

gap has a radial as well as an axial component. By properly shaping the

electrodes, the amount of radial force exerted on the ions can, in principle,

be adjusted so that the ion trajectories converge. This focusing has

been demonstrated by Cooperstein and co-workers at NRL using a pinch

reflex diode having spherically curved electrodes. By injecting the beam

into a short gas-filled drift region (-I Torr), plasma was produced which

facilitated the current neutralizing of the ion beam. This allowed

the beam 1() dri ft force--fret, to a focus a ftw cm from the diiode. By r:ie'3a rliml

the neutrons from D-D reactions induced by a deuteron beam in small CD2
2

targets, they inferred Peak deuteron current densi ties of 200 kA/c
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At Sandia Lab,, Juhnson et al. used geometric focusinq of beams

prod aced i an annular, curved (-I Ict rode M I D to obta in focused ion beams

2
%Ili t h peak YirlCInt dCnIs it i s we I I above IOOkA/col

It i I ,o rnecessary that the ion beam be propagated a di stance (,-.1 m)

away from the qene rator because the i ntense radiat ion f 1 LIX f rom the. ther-

monc I ear react ion can damagu the generator. Various methods of t ransport i n 

the ion beam, are beinci invcestigated at NRL and at Sandia Lab--

In one approach, the beam is transported through a small-diameter plas>ha

channel . One technique for establishing such a channel is to explode a thin

(typically -. 5Oim diameter) wire by discharging a capci tor through it. At

much as 50 of an ion beam has been propagated over 0.5m in experiments by

D. Mosher and co-workers at NRL. The problem with this technique is, that the

backqround qas pressure must be kept low in order to minimize (dE/dx) losses.

However, at low background pressure, the channel tends to be subject to plama

instabilities which can disrupt beam transport.

Another technique for establishing the plasma channel is to strike a

z-discharge in a neutral gas. Experiments have been performed by F. Sandel at

NRL usinq 0.2-2 Torr pressure of N2 or He gas. So far, most of the part icle

have been t ransported as far as I m, but there is an energy loss. Th is los

amounts to about 200 keV of the initial 1.4 MeV ion energy. The enerqy los's

monchani sm is sti II heingl investigated. Other techniques have been proposed

for producing the plasma channel. For example, plans are being made at

Sandia Lab', t) eLse laser initiated discharges.

Althouqh vry hi'(h ion current densities have already been achieved, an

additional factor of 30 in the beam power density is still needed. Part of

the required increase' in power may be obtained by bunching the ions with-

in a pulse. This, can he accomplished by applying a temporally increasing

potential to the ion source. A, the faster ions at the end
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of the pulse catch up to the front of the pulse, the beam pulse will

shorten but the power will increase. This bunching along with the

overlapping of several beams may yield the necessary power for light ion-

beam driven ICF.

(c) Field Reversed Ion Rings

Perhaps the most significant application of intense, pulsed

ion beams is the formation of field reversed ion rings. Such rings can

be formed by trapping a large number of energetic ions in a magnetic

mirror field. When the diamagnetic self field of the symmetry axis encircling

ions exceeds the applied magnetic field, the total magnetic field in

the interior of the ring reverses direction. As a result the magnetic

field lines close, as shown in Fig. 8.

Field reversed configuration generated by energetic charged particles

provide an ideal configuration for confining plasmas for thermonuclear

applications for the following reasons: (i) the plasma confinement time

is considerably enhanced because the trapped plasma would have to cross

the closed magnetic field lines in order to escape, (ii) the gyrating

particles of the ring serve as an internal energy source for heating the

confined plasma, and (iii) the beta (j-') of the plasma

[l = plasma pressure 1
external magnetic field pressure]

can exceed unity and thus the power density of a thermonuclear reactor

can be high. As a result, the size of the reactor can be appreciably

reduced resulting in very significant economic benefits.

Although under actual laboratory conditions the ensemble of gyrating

ions will have a shape that closely resembles that of a ring, for simplicity

considt-i a long riqidly rotating layer. If a i k the inner and a 2  the

outer radius of a space charge neutral layer that rotates with a constant
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cont ig(urat ions that are generated by elect rons are not ot uiteres",t f-or

t hermonuclIear applIi cations because of the synchrot ron rad iat ion lo-ses

tiomi the fast l v i nq elIec trons . Therefore, only protons or heav ier charged

particles can be used in the formation of field reversed layer,, or rings

t ha t have applIications in the fusion program. Since .I fol fi [I I(Vvl

2 2 -1
he numiber of protons per un i tlength regu i red C s N g/vmc u U. 6L 4

16 - I- y dIl10 cm . Th is numbe r is ver Iarge and] general I y canl he ob ta i net onl

w it h the recent ly developed pulsed ion sources.

Pres-entlIy , there are two expe rimrien tal1 prog rams , one at NRL and t he

other at CornellI Universi ty, that are? aimed towaird the gerreration ol

a reversed f ield configuration wi th proton rings. A schelirat it of the NI<L

ion ring exper-iment is shown in Fig. 10 and al photogIraph of the s-rure

experiment. is shown in Fig. 11 . lIi the ibs t re.enit experimrenit, thre app lt-d

rrrtit- f ield consists of a short uni form region, a riragricLti c Cusp) a /

tcn long uni form f ield and a singIle magnetic mi rror . The I tlvers- e Ret f U

Vet rode (I RI) prolton source is located in the short uni form Iit Id and

powe)VJred by the upgraded Gamble i I generator . Th is ,()urtc gene r att-

.) hol low, ramp-shaped proton pulbe that corntain-, miore thanl 6 Y 10 16pr lerr

ot about ,0 isec taase Ii ine duration. Typictally, the peak of the tppl Iit

vol t,)Ie err the ,ource is 1, . MV .

At ter propala t i rig i n thle shor t un i f orm mligre t i ,t i I L I,t tie heu I lokw

proton bearir en ters the Fragrret it c (uspI, whe-re iI ta ts to r ot ate sa

res-,il t ol v 1 B rlforce . The se I t magne t i .t c I ed h I re oa-e is, lroli t rret

wji t 1) 'severlI miIgret itc probes, t hat are l ocat Ied rim ax i n dit ein t tit wi I I

The f irs t t rans i erri f ielId reversalI ever (dliti i rciv wi Ir eI r i mrsvj

aIciieveit at NRL in the Spring of 1979. Present ly. expn~ ercits. irc under

way to trap the protons with the aid of a gale fiel d that is, mtnt te it

the begjinning rif the 7j-cml long uni form t ield.
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The siwpl ified condition for self-sustained thermonuclear reactors

kLawson rirterion) is n t 1014 cm-3 sec, where n is the plasmapC cp

density arid T is the plasma confinement time. Since the plasma is mainlyCI
Loniried by the self magnetic field of the ion ring, the life time (:,) (f

the ring should be longer than the plasma confinement time (. The I i Ie

tme ol the ring is mainly determined by the interact ion of ions wi th

the plasma electrons and is given by

12 W 3/2
0.59 x 1012 (m /m.) -I

p I n e

hehrk nm is the electron density in cm-3, W is the ion energy in MeV,
C

;)is the proton mass and Im, is the mass of ions that make up the ring.

For protons (M. =m ), the energy W must be about 35 MeV in order to
I p

haw'n geate thn I14 m-3

have [I C jrater than 10 cm 3sec. Since during trapping the enerqy
e C

of protons is between I to 2 MeV, a twenty-fold increase in their energy

i s req u i red.

A m' t iv, A tei t ion of Tonms I V Ad atl-l c :. 'o c ' '.

A conVnient way to increase the energy of gyrat ing ions is by

adiaba tic magnetic compression of the ring.

WhLn an axial magnetic field B (t) increases with tiir,,in azimuthalZ

electric field E (t) is induced which enhaneS th' energy 'W m a parti le

of charqe q it the ratI ,

dW
--t- = qV()E,

where V is the instantaneous azimuthal velocity of the gyrating )arti-tj.

If time ,elf fields are neglected, and the magnet im field changes slowly
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W(t)
in time (adiabatic) then the magnetic moment it = B of a gyrating ion is

conserved and thus its energy increases proportional to the applied field

B(t).

In the presence of self fields, the energy of ions increases slower

than that predicted for a single particle because a portion of the

externally supplied energy goes into thermal energy and also into self-

magnetic energy of the ring.

The inductive ac :eleration of ions can be used either to increase

the eneryy of the ions and thus to extend their life time in a thermonuclear

react,i or it can be used in the generation of high energy, high current

ion p)ulses. In the latter case the ring must be unwound into a straight

beam after compression. A way to accomplish this is by opening the far

mirror peak and passing the rotating ring through a half cusp as shown

in Fig. 12. Equilibrium states for this space charge neutral, rotatinl-

propagating hollow beam exist even in the absence of an external magnetic

field, because the outward directed centrifugal and J )Bz forces are balanced

by the J zB,) force. The magnetic forces J 0Bz and Jz B are due to the self

fields B) and B of the beam and are generated from its axial J and

azimuthal J,, currents.

Table 4 shows the parameters of a ring before and after compression.

It must be emphasized that the 0.91 Megagauss peak value of magnetic field

is rather conservative since magnetic fields in excess of 1.3 Megagauss

have already been generated by flux compression using metal liners. The

predicted 100 MeV ion energy at the peak of the compression is based on

the assumption that the self fields are small and thus it is conserved

(luring compression. When the purpose of the compression is the genLration
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ot high ener(ly bea , the self fields can be kept appreriably smal lor than

the applitd field by partial cancel lat ion of the ion current by an el-ct ror

return current. Such a pari al mccl l tioti i s , l ' d,.i11y d jk l. 10j.,s

ital lows efficient transfer of the external ly supplied riagriet ic nt'rly

into particle kinetic energy during compression.

The usefulness ot ion rings in the Iusion program and also in thk

generation of high energy ion pulses rest very heavi ly on thei r sta I ity.

A,, a re su It of the comp I exit y of the p rob I -w, no comp rehur, s ye t rea t 't

of the stability of field reversed rings is present Iy avai la le. Hrv.v k

results obtained so far are very ericotirajing.

Using the energy principle Sudan and Rosenbluth have shown that a

field reversed ion ring is stable against MHD kinking ,1odes when its a,;'trt

ratio r major radius/minor radiu5 tis near uni ty. Lov lact ha t r i v J

at a similar conclusion.

Teari nq modes, i.e. , instabilities that break up a long layer i rta

several rings can be avoided by surrounding the layer by a closc tittinJ

conduct inq wall (Marx) or by introducing a spread in the axial ve ori ,ty

the ions (Fowler; Uhm and Davidson). The lat te r has been ,, mIir , ,,., iII

recent computer simulation experiments by Marsh and )robot.

Similar conclusions have been reached about specific instability

modes. For example, Uhm and Davidson have treated the stabi lity of a

field reversed layer for frequencies near mul t iples of the mean rotat iona

frequency of the layer. Such instabi lit ies are of primary concern. Tly

have found that i n the presence of a dens e background p 1 asma t he v

can be eas i ly stabi 1 i ied by introducinq transverse temperature in the

Iay 't ' i (Jr,.
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THE NEXT FEW YEARS

The turninq point for- intens5e, puLlsed ion buairis may orehiptll,

next 3-l4 years,. If the remarkable rote of- success of the las t 3 years,

is, continued then a number of siqni ficant accompi ihinents nlay be achieved.

In the area of laser exc(-i tat ion, der11nnt Irat ions, 01 h i jherI powe r and

higqher enerjy UV and Mw\ b I lie-preenL'f p)-bean p)umped~ i a-rs are a Iready

being planned.

Durn 1 1931-1932, the part icle bear) fus ion accelerator ( PBFA) w ill

come1 on-linle at Sandi a Ia t e ti to the ion beam transport and

tocu-,n u po Ies t(Jound , thnen in the mi d-80 s ion [)Lais Wil b e used!(

a,, driver>, in an attempt to demontrate CF breakeveli. Finally, ettortn,

to trap a tie Id-reversecd ion layer inl a iawwit- i ii or are in p r oyrec

At ,4RL. It 0I ths xperiQmntt areC -sUCCesntul, thenO the :r I Ihl t

t Id1-reverseCd vii r ror I 'actiineW t' uionlC deiLCs and i nexpens,,iv re'Ila t i t iL

on ackcelerators, wil Itob at hand. AlI t houpjh t heccs (,,Ot any Ot thenel

i'Il hta appl ications in, te no ieans, crtain, the poss-ible hipjh pay-uti V

1I t tlin rI t lit i1K ~ r I pot Ie
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Appendix I - INTENSE ION BEAM RESEARCH

Where it's happening

Naval Research Laboratory (NRL), Washington, D.C.

(Ion Ring Group) reflexing sources, rings, lasers, accelerators,
diagnostics; experiment and theory

(Ion Beam Group) pinched electron diodes, transport, focusing,
diagnostics; experiment and theory

Sandia Laboratories, Albuquerque, New Mexico

light-ion-drivers for ICF, magnetically insulated diodes,
diagnostics, ion accelerators; experiment and theory

Cornell University, Ithica, New York

Magnetically insulated diodes, focusing, rings, lasers; experiment
and theory (2 groups)

Lawrence Livermore Laboratory, Livermore, California

Reflexing sources; experiment and theory

Physics International Company, San Leandro, California

Reflexing sources, pinched electron diodes

University of California, Irvine, California

Reflexing sources, magnetically insulated diodes, injectiun
into a torus; experiment

Univr~sity of Illinois, Urbana, Ill inois

Ion rings; theory

University of Maryland, College Park, MD

Pinched electron diodes, reflex sources; thcury

Nagoya University, Nagoya, Japan

Reflexing sources; experiment and theory

Massachusetts Institute of Technoloqy, Cambridq,, MA

Reflexing sources, ion rings. experirrit jrd ,,



University of Michigan, Ann Arbor, Michigan

Ion rings; theory

Weizman Institute, Rohoboth,lsrae)

Pinched electron diodes; experiment

Institute of Nuclear Physics, Tomsk, U.S.S.R.

Reflexing sources, laser excitation with p-beam; experiment

Lebedev Institute, U.S.S.R.

Reflexing sources; experiment

Harry Diamond Laboratory, White Oak, MD

Reflexing sources; experiment

Auburn University,

p-beam pumped lasers; experiment
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Table I State-of-the-Art of Pulsed Ion Sources

Source v (mv) I (1(A) DURATION LABS.

ion peak (ns)

reflex triode 1.2 200 50-60 NRL

0.3 150 160 LLL

reflex tetrode 1.2 250 50-60 NRL

IRT 1.5 500 50-60 NRL

Pinched electron
diode 1.3 700 50-60 NRL

2.0 1000 --- Pl

MID 2.0 4~00 85 Sandia Lab.



Table 2 - Diagnostics for Intense Ion Beams

Beam parameter Diagnostics

Number of ions/pulse (i) Nuclear activation analysis

(ii) Spectroscopy of ion induced x-rays

(iii) Tracks in nuclear emulsions

Spatial distribution (i) Nuclear activation analysis
of ions with segmented targets

(ii) Photography of ion induced x-rays

Total beam energy Calorimetry

Beam current (i) Prompt y-rays

(ii) Biased ion collectors

Time-of-flight (i) Prompt y-rays

(ii) Scintillator-photodiode

(iii) Magnetic probes
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Table 3 Proton and Deuteron Induced Reactions

For producing + activity

Product Useful energy range

Reaction half-life (MeV)

lOB(p,y) llr( + ) iB 20.4 min. E p 1.145 (resonance)

2 C(p,,y) 13 N( ' ) 1Ls 9.96 min. E p 0.457 (resonance)
p-

14 N(p,y)150(W
) 5N 122 sec. E - 0.277 (resonance)

10 B(d,n)11 C 
+ ) IB 20.4 min. Ed > 0.250

12 C(d,n)13N( 
) 3C 9.96 min. Ed > 0.600

14N(d,n) 150(W) 5N 122 sec. Ed > 0.700

For producing neutrons

Reaction Threshold (MeV)

D(d,n) 3He ---

9Be(p,n) 9B 2.06

9Be(d,n) IO B  ---

9Be (ct,n) 12C ---

1IB(p,n)1 C 3.0

16 0(dn) 17 F 1.83

63 Cu(p,n) 63Zn 4.21

65 Cu(p,n)65Zn 2.17

For producing prompt y' rays

Reaction Resonance Energy (KeV)

7Li(p,y)8 Be  441

1030
2060

19F(p,aty) 160 Many within range

227-1949
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Table 4

Source

Avetaqtc hol Ikn bcam iadiu at the anodu (cm) 26

Manetic Fi,.Id (kG) 2.3

Pu I te Dui diion (se .) 70

Compression Region

Before After
Compress i on Compress i on

Proton enerqy (MeV) 2 100

1. lqncetic field at M.P. (kG) 18.2 910

Proton current (MA) 0.92 46

Numr ot protons 2 x 10 1 7  2 x I0 1 7

Riho kinetic energy (MJ) 0.064 3.2
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A

K

electrons
" ions

I RE

/77,

Figure 1 - The planar bipolar diode consisting of an anode (A) and a cath-

ode (K). Shown are the electrons, ions, and the electric field
(hatched arrow). Note that in principle, the ionns could he .-
tracted through a thin foil or screen cathode.
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A

K 
V.C.el ectvo

electron "l r

;,ION

BEAM
Sion

ions

Figure 2 - Schematic of the reflex triode. The electrons emitted from
cathode (K) are shown reflexing about the anode (A) and forming
the virtual cathode (V.C.). The ions are accelerated by the
electric field (hatched arrow) towards both the cathode and
virLual cathode.
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I ions

electron orbit
Figure T he magnetically insulated diode consists of a cathode (K), an

'Irlode (A), and an appl ied magnetic field B 0which is stronj enfOLunh
to inhibit the electron flow from reaching the anode. lorm, froml
th(: anode plasma are accelerated by the electric field (hatched
aIrrow) and pass through the cathode forming a beam.
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ions

,D, fue

al b Ia t o r--__.

Figure 7 - Ion beam driven ICF. The ion beam ablates an outcr l'er of tht,
pellet. The exploding ablator (solid) transfers momentum to the
pusher (dotted) which compresses the DT fuel as it implodes.
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